A compact and practical white-light cross-correlator suitable for fast evaluation of femtosecond optics, in terms of group-delay dispersion, was developed. A 40-W tungsten-halogen lamp was used as a white-light source and the detector selection was made so as to have adequate spectral sensitivity from 600 to 1050 nm, peaked at 800 nm. Group-delay dispersion was obtained, with femtosecond time resolution, from the Fourier transform of the cross-correlation interferogram. The dispersion characteristics of a borosilicate glass plate, broadband femtosecond mirrors, broadband chirped mirrors, and output couplers of different reflectivity have been determined in the wavelength range of 650 to 1050 nm.
I. INTRODUCTION
Group-delay dispersion ͑GDD͒ of optical elements is a critical parameter for the generation and control of femtosecond laser pulses. GDD can either increase or decrease the pulse duration by modulating the spectral phase of the femtosecond laser pulses. The effect of GDD becomes more significant as the laser pulse duration gets shorter. Ideally, a femtosecond dielectric mirror should not only have high reflectance but also low dispersion over a sufficiently broad spectral bandwidth. Recently, dispersion control using a pair of dielectric chirped mirrors, 1 which generate a relatively flat negative GDD over a broad spectral region, made it possible to routinely generate sub-10 fs pulses in the near-infrared and visible wavelength regions. Although the dispersion curves of dielectric mirrors can be calculated from their multilayer geometry, experimental measurements are necessary since the mirrors may not have been fabricated strictly as per the design parameters.
White-light light interferometry has been widely used for the dispersion measurement of optical elements such as mirrors and prism pair. Knox et al. 2 directly measured the group delay ͑GD͒ of various mirrors and a prism pair using a white-light interferometer and tunable filters. Naganuma et al. 3 obtained it from the Fourier transform of the whitelight cross-correlation fringes without using tunable filters.
The noise problems arising in this method were addressed in more recent measurements. 4, 5 Even though some alternative approaches, such as spatially resolved white-light interferometry 6 and Fabry-Pérot interferometry, 7 were adopted for the characterization of multilayer laser mirrors, the interferometric cross-correlation technique 3 has certain advantages over the other techniques. The experimental setup is similar to common white-light interferometers used for measuring the refractive index of optical materials or the temporal coherence of light sources, and the interpretation of the experimental results is relatively easy and faster. In this article, we report the development of a compact and cost effective white-light interferometer and the dispersion measurement of several femtosecond broadband dielectric mirrors, broadband chirped mirrors, output couplers, and borosilicate glass. In our experiments, we chose a low power ͑40-W͒ tungstenhalogen lamp, commonly used for household illumination, as the white-light source and, in order to achieve high spectral sensitivity around 800 nm wavelength, we selected a suitable detector to measure the autocorrelation and cross-correlation signals. We avoided using a single mode fiber 3 or a spatial filter 4 and used, instead, a multimode fiber with a core diameter of 0.4 mm in order to achieve efficient beam guiding and good spatial coherence. Thus, our apparatus is much simpler, uses very low optical power, and generates high quality autocorrelation and cross correlation signal at the same time. These are attractive advantages from the point of practical applications.
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II. GDD MEASUREMENT FROM WHITE-LIGHT INTERFEROMETRY
The principle of the GDD measurement from the Fourier transform of white-light cross-correlation fringes can be simply described as follows. 4 If h(t) is the impulse response function of an optical element, the incident electric field E i (t) and the transmitted electric field E t (t) are related by
The Fourier transform of this relation gives the transfer function of the sample h () as
where Ẽ t () and Ẽ i () are the Fourier transforms of the transmitted and incident electric fields, respectively. The GD and the GDD of the sample are, respectively, the first and the second derivative of the phase of the transfer function h (). The transfer function can also be evaluated from the autocorrelation ͑without the sample͒ C A (), and the crosscorrelation ͑with the sample͒ C C () because, in a Michelson interferometer, these two are also interrelated by the impulse response function h(t) as
The Fourier transform of Eq. ͑3͒ also yields the transfer function h ():
where C C () and C A () are the Fourier transforms of the cross-correlation and the autocorrelation, respectively. Thus, the phase difference between C C () and C A () corresponds to the phase of h () from which the GD and the GDD of the sample can be computed. Here, the phase of the autocorrelation may be considered as a bias on the phase of the crosscorrelation measurement.
III. EXPERIMENTAL SETUP
The white-light cross-correlator setup is basically a Michelson interferometer, installed on a 30 cmϫ30 cm plate, as shown in Fig. 1 . A 40 W standard tungsten-halogen lamp, commonly used for household illumination, was used as the white-light source; this is an order of magnitude lower than the lamp power used by Fuji et al. 4 The lamp was operated using a dc power source ͑12 V and 4 A͒, instead of an ac source, to eliminate low frequency optical noise. In order to efficiently guide the white-light to the cross correlator, we used a multimode fiber with a core diameter of 0.4 mm. The white-light was coupled into the fiber using an objective lens ͑40ϫ͒ and the output from the fiber was recollimated using another objective lens ͑4ϫ͒. The beam cross-section was adjusted using a variable aperture iris so as to increase the spatial coherence of the white-light beam, while providing enough light intensity for measurement. The resultant beam size coupled into the cross-correlator was about 2 mm. In the experiment, the cross-correlation fringes obtained using a beam diameter of 1 mm were more easily observable than with the full 2 mm diameter beam due to the enhanced spatial coherence. For the improvement of the spatial coherence of white light, Naganuma et al. 3 utilized a single-mode fiber with a core diameter of 3 m, and Fuji et al. 4 installed a spatial filter, along with a multimode fiber having a core diameter of 0.8 mm. In the former case, however, the use of a single-mode fiber significantly decreases the intensity of the white-light beam. In the latter case, the installation of the spatial filter would not only require more space but would also make the alignment more difficult. The utilization of a multimode fiber with a moderate core diameter along with a variable iris, as in our setup, ensures both intensity-efficient guiding and adequate coherence.
The Michelson interferometer consists of a nonpolarizing cube beamsplitter and two interferometric arms ͑refer-ence arm and test arm͒. In the reference arm, a silver mirror was mounted on a piezo-translator with a travel range of 100 m, corresponding to 660 fs on the time scale, while another silver mirror was mounted on a linear translator in the test arm. We used silver mirrors as reference mirrors because they have a broad reflection bandwidth and negligible dispersion from visible to near-infrared wavelengths. The silver mirror in the test arm was replaced with a sample mirror whose GDD was to be measured. The reference arm mirror was vibrated by the piezo-translator at a frequency of 3-8 Hz and an amplitude of 100 m, thereby modulating the path length in this arm. The cross-correlation fringes generated were detected using a photodiode and recorded on a digital oscilloscope ͑Tektronix, TDS3052͒.
The exact calibration of the delay axis of the measured interferograms is vital for accurate GDD measurement because of the nonlinear response of a piezo-translator to an applied voltage. For this purpose, another interference pattern was generated using a diode laser operating at 651 nm. Unlike previous work, 3, 4 we have chosen to use a commercial laser pointer with a view to reduce the cost and keep the system compact. Since the peak-to-peak interval of this interference fringe pattern revealed the nonlinearity of the piezo-translator, it enabled the calibration of the path difference between two arms with subwavelength accuracy. This interference pattern was synchronously recorded at the second channel of the digital oscilloscope using another photodiode. Both the autocorrelation and the cross-correlation traces were calibrated using this method.
The spectral response of the white-light interferometer is required to cover the spectral range of femtosecond optics. The optical spectrum of a tungsten-halogen white-light source covers the spectral region from 400 nm to more than 1200 nm. However, the power spectrum obtained from the white-light autocorrelation indicated that the sensitive spectral range of the interferometer depends also on the detectors used, as shown in Fig. 2 . For the three detectors selected, the sensitivity was good over the wavelength range 600 to 1000 nm for a silicon fast photodiode ͑PD1: Newport 818-BB͒, 700 to 1050 nm for a silicon avalanche photodiode ͑PD2: EG&G C30902͒, and 820 to 1080 nm for another silicon fast photodiode ͑PD3: EG&G C30971E͒. PD1 was found to be the most suitable for the characterization of femtosecond optics for Ti:sapphire lasers because the laser spectrum is usually centered at 800 nm and has a spectral bandwidth less than 200 nm.
The output signals from both the photodiodes were fed into the two-channel digitizing oscilloscope with a 9-bit vertical resolution. The oscilloscope trace was then analyzed using a computer code. This code used the interferogram signals of the diode laser to generate the distance/delay calibrated white-light interferograms on femtosecond time scale. The code then evaluated the Fourier transform of the rescaled interferograms as defined by Eq. ͑3͒. Next, the phase difference between the cross-correlation and auto-correlation interferograms is computed ͓Eq. ͑4͔͒. Finally the first and second derivative of this phase difference yields GD and GDD, respectively.
Noise reduction is very important for obtaining GDD accurately from the phase of the response function because even a small error in the phase is significantly magnified in the differentiation process. There are mainly two types of errors in the GDD measurement. The first is the dark current noise of the detectors and the second is the discrete noise from the data digitization. Dark noise can be efficiently removed by simply averaging the cross-correlation signal, and the discrete noise can be managed using a smoothing method. We obtained very clean interferograms by averaging 8 or 16 data in real time, even without using a lock-in detection method, 4 and we reduced the discrete noise by applying an adjacent averaging method to the Fourier-transformed phase curve before differentiating it to obtain the GDD curve.
IV. CHARACTERIZATION OF FEMTOSECOND OPTICS
We evaluated the dispersion properties of several different optical elements such as a borosilicate glass plate, four types of femtosecond broadband mirrors, and three output couplers. All the mirrors and output couplers were normal incidence type. The GDD of these sample mirrors were measured and compared, when available, with the designed values. As a reliability test of our technique, we first measured the GDD of a 1-mm thick borosilicate glass plate ͑Corning, New York͒. Instead of replacing the mirror in the sample arm, we just inserted the glass plate in that arm and decreased the optical path length in the sample arm by about 0.5 mm using a linear translator. In the cross-correlation interferogram shown in Fig. 3͑a͒ , the fringe period changes from the leading side to the trailing side, 8 i.e., the frequency is chirped, indicating a nonzero GDD. Figure 3͑b͒ shows the dispersion curve of the borosilicate glass, centered at 800 nm. The GDD profile is seen to be mostly linear with a small slope, indicating the presence of a third-order dispersion term, which, in turn, leads to pulse broadening and pulse shape distortion. Our measurements are in good agreement with those calculated from the Sellmeir's equation using coefficients provided by the manufacturer. The deviation in the GDD between the two curves ͓Fig. 3͑b͔͒ is seen to be about 5% at 800 nm. This deviation may be attributed to the errors in the measurement of the sellemier's coefficient because in our experiment the measurement error of the glass thickness is only about 1%.
A. Characterization of broadband low-dispersion mirrors
We measured the GDD of single-stack dielectric coated mirrors, supplied by CVI ͑TLM2͒ and by Newport ͑CA͒ ͑UF.20͒, 9,10 which are commonly used in femtosecond lasers.
From Figs. 4͑a͒ and 4͑b͒, it is observed that both these mirrors have nearly zero GDD in the wavelength range of interest for femtosecond Ti:sapphire lasers. The mirror supplied by Newport ͓Fig. 4͑b͔͒ is seen to have a larger band width over which the GDD is almost zero, but the ripple in the GDD curve is larger than that for the CVI mirror. The nominal bandwidth of these mirrors is 160-180 nm. The curves show that these mirrors are capable of reflecting femtosecond laser pulses having a bandwidth of 160 nm. We also measured the GDD of a multistack broadband dielectric mirror supplied by Layertec ͑No. 100835͒, 11 which is designed to be a femtosecond mirror. From Fig. 4͑c͒ , it is observed that, though this mirror has a very broad high reflectivity wavelength range of 650-1100 nm, 11 large dispersion ripples appear beyond 800 nm. These undesirable ripples can significantly modify the spectral phase of femtosecond pulses. Hence this mirror will strongly distort the pulse shape during reflection. These results imply that single-stack mirrors have much smoother GDD curves and, hence, are better suited for use in femtosecond laser systems.
B. Characterization of broadband chirped mirrors
Chirped mirrors, with appropriately designed negative dispersion, have been widely used for dispersion compensation in sub-10 fs lasers. In chirped mirrors, a chirped multilayer structure in terms of Bragg wavelength, leads to a deeper penetration of the longer wavelength into the multilayer and thus, yields negative dispersion characteristics. However, the GDD curve of such mirrors has an oscillatory feature due to the reflections at the surfaces of the different layers, leading to interference due to Bragg reflection. Hence, two chirped mirrors, with a slightly different center wavelength, are used in pair to compensate this GDD oscillation. Figure 5 shows the measured GDD of a chirped mirror pair ͑Layertec, G0403006͒.
11 It is observed that they have a negative dispersion in the spectral range 670 to 980 nm with a total GDD of Ϫ90 fs 2 , which exactly agrees with the specification provided by the manufacturer. In addition, the GDD oscillations are observed to be well compensated in the mirror pair, so that the averaged GDD curve has much smaller oscillations, of about Ϫ45 fs 2 , than in the case of the individual mirrors. Using these chirped mirrors, we generated sub-8-fs pulses in a femtosecond Ti:sapphire laser. 
C. Characterization of broadband output couplers
An appropriate output coupler should be selected for femtosecond lasers to maximize the output power/pump energy ratio and to generate as broad a spectrum as possible for obtaining the shortest pulses. Since the output couplers are used primarily in a laser cavity, their dispersion characteristics are very important. We measured the GDD of three output couplers ͑CVI͒ of different reflectivity i.e., 99%, 93%, and 80% at wavelengths ranging from 700 to 900 nm. Figure  6 shows that all the output couplers have almost zero GDD over a broadband, but the output coupler with 80% reflectivity ͓Fig. 6͑c͔͒ has the broadest flat-dispersion bandwidth ͑650-1000 nm͒ as compared to those with 99% and 93%. However, the 93% output coupler allowed a broader spectrum than the 80% output coupler ͓Fig. 6͑b͔͒ in our long cavity femtosecond Ti:Sapphire laser operating at 41 MHz. This reveals that the performance of the laser is determined by the overall dispersion characteristics of the laser cavity, wherein the contributions come from the output coupler, other dispersive elements such as chirped mirrors, prisms, and gain of the medium itself.
The measurement of the GDD curves in each of the cases discussed above take only a few minutes and matched well with the manufacturer's data. A special feature was that the oscillations in the GDD with wavelength were well resolved in the case of chirped mirrors. Thus, our compact experimental setup would be a valuable tool in designing experiments on ultra-short pulse generation.
